Previous findings have demonstrated that hemispheric organization in deaf users of American Sign Language (ASL) parallels that of the hearing population, with the left hemisphere showing dominance for grammatical linguistic functions and the right hemisphere showing specialization for non-linguistic spatial functions. The present study addresses two further questions: first, do extra-grammatical discourse functions in deaf signers show the same right-hemisphere dominance observed for discourse functions in hearing subjects; and second, do discourse functions in ASL
that employ spatial relations depend upon more general intact spatial cognitive abilities? We report findings from two right-hemisphere damaged deaf signers, both of whom show disruption of discourse functions in absence of any disruption of grammatical functions. The exact nature of the disruption differs for the two subjects, however. Subject AR shows difficulty in maintaining topical coherence, while SJ shows difficulty in employing spatial discourse devices. Further, the two subjects are equally impaired on non-linguistic spatial tasks, indicating that spared spatial discourse functions can occur even when more general spatial cognition is disrupted. We conclude that, as in the hearing population, discourse functions involve the right hemisphere; that distinct discourse functions can be dissociated from one another in ASL; and that brain organization for linguistic spatial devices is driven by its functional role in language processing, rather than by its surface, spatial characteristics. © 1999 Academic Press Research investigating the neural organization of sign language and spatial cognition in deaf individuals has demonstrated the same hemispheric asymmetries found in hearing individuals: the processing of grammatical aspects of sign language (i.e., individual signs and sentence structure) is predominantly the domain of the left hemisphere, whereas processes involving many aspects of non-linguistic spatial cognition is predominantly the domain of the right hemisphere (Benton & Tranel, 1993; deRenzi, 1997) . Thus, the hemispheric organization of grammatical aspects of language appears to be independent of the modality of that language. This finding is particularly striking given that signed languages such as American Sign Language (ASL) not only take place in space but actually use space and spatial relationships to serve grammatical functions.
As yet, however, there is little evidence on the localization of sign language functions at the extra-grammatical level, in particular, at the level of discourse. In hearing users of spoken language, discourse deficits result from right hemisphere damage (RHD) (Brownell, Potter, Bihrle, & Gardner, 1986; Wapner, Hamby, & Gardner, 1981) . These deficits involve failures to integrate information across sentences, including impairments in understanding jokes, in making inferences, and in adhering to the storyline when producing a narrative. In contrast, phonological and syntactic processes appear to be intact. This pattern of findings immediately raises two important questions regarding discourse functions in sign language. First, will RHD result in deficits of discourse functions in sign language, as it does for spoken language? Second, do spatial aspects of signed discourse depend on more general spatial ability?
There is preliminary evidence from an RHD hearing subject, who was exposed to ASL in early childhood and became an ASL interpreter, suggesting that a right hemisphere lesion can affect discourse-level processes in ASL (Poizner & Kegl, 1993) , but no data from pre-lingually deaf RHD subjects have been reported. Thus, we cannot be sure whether the data from this subject reflect the brain organization that would characterize individuals whose primary or only language from early childhood onward is ASL. In this report we investigate the extent to which RHD affects the processing of signed discourse in two deaf signers, one a native signer of ASL, and one near-native.
The Linguistic Structure of Sign Language
Signed languages in general evolve naturally from the interactions of deaf people. Like spoken languages, signed languages are highly structured linguistic systems, passed down from one generation to the next. They follow a well-defined developmental course, including a critical period for acquisition (Newport & Meier, 1985) . Signed languages are not based on the spoken language of the surrounding community: ASL and British Sign Language, for example, are mutually incomprehensible, despite the fact that English is the dominant spoken language in both surrounding communities.
All natural human languages have linguistic structure at phonological, morphological, and syntactic levels, and signed languages are no exception. At the phonological level, 1 signs are composed of meaningless sub-lexical units (handshapes, palm orientations, locations, and movements) which are combined in rule-governed ways (Corina & Sandler, 1993; Perlmutter, 1992) . At the morphological level, ASL has grammatical markers that serve as inflectional and derivational morphemes; these are regular changes in form across classes of lexical items associated with systematic changes in meaning (Klima & Bellugi, 1979) . At the syntactic level, ASL specifies relations among signs using a variety of mechanisms, including sign order, spatial relations among signs, and grammaticized facial expressions (e.g., to mark conditionals) (Liddell, 1980; Lillo-Martin, 1991; Lillo-Martin & Klima, 1990) .
In sum, ASL is an autonomous language with grammatical structuring at the same levels as spoken language and with similar organizational principles. Yet the surface form that this grammatical structuring assumes is radically different. Not only is ASL instantiated in space, and perceived visually, but in addition grammatical distinctions at many levels rely to a large extent on spatial contrasts rather than temporal contrasts. The sublexical units from which signs are composed are often articulated simultaneously rather than sequentially, and spatial location contrasts certain pairs of minimally different signs (Klima & Bellugi, 1979, Chap. 2) ; morphological inflections of signs generally alter the movement path of the sign, rather than concatenating morphemic units across time (Klima & Bellugi, 1979, Chap. 12) ; and, as we have mentioned, syntactic relations are often specified spatially. shows examples of spatial contrasts at the lexical, morphological, and syntactic levels.
The Brain Organization of Sign Language
Yet despite this radical difference in surface form, hemispheric localization of ASL grammar appears to be the same as that for spoken language. Double-dissociations have been reported between deficits in processing ASL grammar (often seen in LHD signers but not in RHD signers, see Fig. 2A ) and deficits in performing non-linguistic visuospatial tasks (often seen in RHD signers and rarely in LHD signers, see Fig. 2B ) (Chiarello, Knight, & Mandel, 1982; Hickok, Klima, Kritchevsky, & Bellugi, 1995; Hickok, Klima, & Bellugi, 1996; Poizner & Kegl, 1993; Poizner, Klima, & Bellugi, 1987) . Note the rating scale profile of sign language characteristics based on the Salk Sign Diagnostic Aphasia Examination for three groups of signers shown in Fig. 2A . The RHD deaf signers are much like the controls, while the LHD deaf signers show a range of different sign language aphasias (Poizner et al., 1987) . In contrast, Fig. 2B shows visuospatial abilities in LHD and RHD deaf signers, including drawings to copy of an elephant and a house, a sample block design, and copies of the Rey-Osterreith Complex figure. Note that the left lesioned signers perform well on these non-linguistic visuospatial tasks, while the right lesioned signers exhibit marked deficits involving left neglect, loss of perspective, loss of the overall configuration of the figure, etc. Hickok et al., 1996; Poizner & Kegl, 1993; Bellugi, Poizner, & Klima, 1989 Poizner et al., 1987) .
A recent study of a group of 13 LHD signers and 10 RHD signers (Hickok et al., 1996) makes the point quantitatively: the LHD group performed significantly worse than the RHD group on a range of basic language tasks including measures of production, sentence comprehension, naming, repetition, and the ability to make judgments concerning the phonological similarity between signs. An examination of signing ability both in free conversation and in elicited production tasks reveals a range of clinically described aphasic disruptions in LHD signers, but no aphasic deficits in RHD signers. In many respects, the sign aphasias found in LHD signers are similar to those found in hearing patients .
But while RHD signers do not present with aphasia for sign at the lexical, morphological, or syntactic level, they do show significant deficits in nonlinguistic visuospatial processing Hickok et al., 1996; Poizner et al., 1987) . Their drawings and figure-copying production are often fragmented, without perspective, and often show evidence of hemispatial neglect. In contrast, aphasic LHD signers often perform normally on these non-linguistic spatial-cognitive tasks. Apparently, the ability to process a spatially organized language and the ability to carry out non-linguistic visuospatial tasks are subserved by different neural systems.
Spatialized Discourse Structure in Sign Language
As noted above, spatial contrasts are used at every level of grammatical structure of signed languages. But space also serves a function at the extrasyntactic discourse level: discourse referents are established at distinct posi- tions in signing space, providing a spatially organized ''referential framework'' through which the discourse takes place. In order to produce a connected discourse, the signer must maintain consistency in this spatial referential framework from one sentence to the next. In addition, through various discourse-specific mechanisms (e.g., body shift, eye gaze, and crosssentential pronominal reference) the signer can manipulate the spatial referential framework to mark shifts in discourse focus, to assume the role and perspective of a given character in the discourse, and to mark semantic roles (Bahan & Petitto, 1980; Engberg-Pedersen, 1993; Padden, 1986) . Figure 3 presents an example of spatially organized discourse in ASL using cross sentential pronominal reference and consistency of spatial referential framework (Emmorey & Lillo-Martin, 1995) .
Since these kinds of discourse functions require the ability to keep track of spatial locations and relationships, one might hypothesize that disruptions in general spatial cognitive ability should lead to deficits in the ability to produce a referentially coherent discourse. We now investigate the hemispheric organization of these spatial aspects of ASL, and their relationship to general spatial abilities, as well as non-spatial discourse abilities.
Two Case Studies of Deaf RHD Signers: AR and SJ
AR is a right-handed man who was deaf from birth and acquired ASL in a residential school for the deaf at age 6. At the age of 72 he suffered a large right hemisphere ischemic infarct in the territory of the middle cerebral artery. A T1-weighted MR scan (3-D volume SPGR, slice thickness ϭ 1.5 mm) was acquired two years post-stroke. Surface reconstruction using Brainvox software (Damasio & Frank, 1992) showed that the lesion involved the length of the right superior and middle temporal gyri, the angular and supramarginal gyri, and inferior area 7-with deep subcortical extension. Age at testing was 74, two years post-stroke. Administration of our ASL-adapted version of the Boston Diagnostic Aphasia Examination revealed AR's sign production to be fluent, grammatical, and phonologically intact (see Fig. 4B ), and his comprehension was good.
SJ is a right-handed deaf man who was born deaf to deaf parents and thus acquired ASL from birth. At the age of 66 he suffered a large right hemisphere ischemic infarct in the distribution of the middle cerebral artery. A T1-weighted MR scan (3-D volume SPGR, slice thickness ϭ 1.5 mm) was acquired nine years post-stroke. Surface reconstruction (Damasio & Frank, 1992) showed that the lesion involved cortex in the immediate perisylvian area of the right hemisphere and extended subcortically over a large region in the frontal, parietal, and temporal lobes. Age at testing was 75, nine years post-stroke. Like AR, SJ performed well on the BDAE with fluent, grammatical, and phonologically intact sign production and good comprehension (see Fig. 4C ).
Both subjects' signing was flawless at the single sign and within-sentence level; there was no evidence of aphasia. In casual conversation, however, it was readily apparent that both had deficits involving the production of connected discourse, but each in a different way. AR had extreme difficulty sticking to the topic of a conversation or narrative. Despite this, he had no difficulty maintaining consistency of spatial referents for discourse purposes, and was fully capable of manipulating referetial space to mark changes in perspective and other discourse-level shifts. In contrast to AR, SJ had no trouble carrying on a discourse without digressions. However, we did note
FIG. 4.
Sign production and comprehension abilities in subjects AR and SJ. Note that the rating scale profiles of sign characteristics for the two RHD deaf signers show no sign language impairment and are equivalent to profiles of normal deaf controls.
a near complete absence of mechanisms used to manipulate the spatial referential discourse framework, and frequent failures in maintaining consistent spatial loci for discourse referents. This often made SJ's discourse vague or ambiguous with respect to referents in the discourse.
EXPERIMENT 1
In order to further explore AR and SJ's discourse abilities, the subjects were presented with a sequence of pictures which represented a story and were asked to produce a narrative describing the sequence of action. The story, which involved physical interaction among characters, was designed to elicit a range of spatialized discourse referential mechanisms (see Fig. 5 ). Subjects' narrations were videotaped, and the videotapes were analyzed by a deaf native signer of ASL. This analysis included, first, tabulation of the number of confabulatory or tangential utterances-defined as sentences whose content failed to relate to that of the previous sentence, or which included content not present in the pictorial story-and calculation of the ratio of such tangential utterances to the total number of utterances. Second, the analysis included tabulation of the number of errors in spatially organized discourse, defined as failure to maintain consistency of previously established spatial references, or ambiguity of content resulting from a failure to appropriately use spatial devices.
Tangential Utterances
Sixty percent of AR's utterances were tangential to the story. A large proportion of these tangential utterances were unrelated to the story, and frequently involved abrupt shifts in topic. When his attention was successfully redirected to the story by the experimenter, AR's utterances included confabulatory information, introducing characters and actions that did not occur in the picture sequence. In contrast, SJ produced no tangential utterances (see Fig. 6 ).
Errors in Spatially Organized Discourse
AR made only one spatial discourse error (see Fig. 6 ). This paucity of errors cannot be explained in terms of an absence of spatial devices, as AR did in fact make frequent and appropriate use of such devices. To the extent that AR remained on-topic across sentences, he maintained the consistency of spatial devices across those sentences. In contrast, SJ made 15 spatial discourse errors, including (a) failure to maintain discourse referents in their initially established locations, (b) failure to maintain consistent planes of reference (he initially set up referents in the ''sagittal'' plane and then switched to the ''axial'' plane; he then switched back and forth several times), and (c) failure to use body shift to mark the discourse topic in situa- tions that demanded such a marker. See Fig. 7 for examples of SJ's spatialized discourse errors.
This double dissociation between errors of topical coherence and errors of spatial referential devices indicates two separate components of discourse processes in ASL, both of which appear to involve the right hemisphere.
EXPERIMENT 2
To what extent is spatialized discourse dependent on non-linguistic spatial abilities? To address this question, we administered a set of standard spatial cognitive tests to both subjects including (i) BDAE drawing tasks, (ii) the WAIS-R Block Design Test, (iii) the Rey-Osterrieth Complex Figure Test , and (iv) Albert's Neglect Test. Both SJ and AR performed very poorly on these tests of visuospatial abilities. As can be seen in Fig. 8 , their drawings were fragmented and lacked perspective, they frequently failed to reproduce the global configuration in the Block Design task, and both showed evidence of neglect. Given that only SJ had a deficit in spatial aspects of discourse, while AR performed normally in this respect, it appears that deficits in these spatial cognitive abilities are not a necessary condition for deficits in spatialized discourse.
CONCLUSIONS
Our findings to date show that RHD does not impair sign language processing at the grammatical level, and the present cases are no exception. However, RHD can disrupt processing at the discourse level-that is, at the level of cross-sentence integration and organization.
These results suggest, first, that the right hemisphere is involved in discourse processing in ASL, as it is in spoken language; and second, that there are dissociable subcomponents of discourse processing in ASL. The first is an ability to maintain topical cohesion, and its disruption results in ''tangential speech'' similar to that observed in hearing RHD patients (Brownell et al., 1986) . The second is the ability to consistently use and maintain spatialized discourse functions. This aspect of discourse processing may be unique to users of signed languages. Alternatively, it may prove to be an analog to certain referential functions in spoken language such as pronomial reference and the ability to maintain connections between pronouns and their referents. Finally, given that both patients were severely impaired on non- linguistic visuospatial tasks, and yet differed with respect to their discourse deficit, impaired spatialized discourse apparently is not simply a secondary effect of severe spatial cognitive disruption.
The present result parallels the earlier finding that processing spatially encoded grammatical information in ASL is independent of non-linguistic spatial cognition (Hickok et al., 1996) . The general notion ''visuospatial processing'' thus appears to have little predictive power with respect to neural organization: processing spatial information as it is used in grammatical encoding, in discourse encoding, and in non-linguistic spatial domains all appear to be functionally independent. These results suggest that at least some aspects of brain organization are driven by the functional domains of information processing, independently of how that information is encoded.
